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Highly Sensitive Indirect Time-of-Flight Distance
Sensor With Integrated Single-Photon Avalanche
Diode in 0.35 ym CMOS

Alexander Kuttner
Horst Zimmermann

Abstract—This work describes the architecture and measured
capabilities of an optical distance sensing application specific in-
tegrated circuit (ASIC) manufactured in 0.35 pm CMOS with
a nominal supply voltage of 3.3 V for indirect time-of-flight. An
integrated single-photon avalanche diode (SPAD) with an active
diameter of 38 pum is used as detector with 6.6 V excess bias,
active quenching and active resetting circuit. Phase measurement
is performed using a digital correlation approach with digital coun-
ters. Due to the unmatched sensitivity of SPADs, sub-cm accuracy
measurements can be performed with a received signal power in the
pW range. Background light ratios up to 24.1 dB still allow sub-cm
precision. Depending on the required accuracy and the received
optical power, the measurement time can be adjusted freely up to
several seconds only limited by digital counter depth. Compared
to a pin-photodiode iTOF sensor in the same technology, this chip
has a sensitivity improvement of 33.3 dB and 40.7 dB for a distance
accuracy of 1 cm and 10 cm, respectively, while reducing the effec-
tive measurement time by 75% at the same time. The chip size is
1.4mm X 1.4 mm including two correlator blocks, for simultaneous
acquisition of two phase steps. The number of correlators is scalable
allowing parallel measurements of phase correlations.

Index Terms—Sensors, electro-optical systems, SPAD, indirect
time of flight, cw-iTOF, correlation, CMOS, active quenching.

1. INTRODUCTION

PTICAL distance measurement has become of increasing
O importance in various fields of applications such as object
detection in autonomous driving, security or consumer electron-
ics. Using single-photon avalanche diodes (SPADs) allows to
considerably reduce the required amount of optical power due
to their high sensitivity. This allows measuring longer distances
than using regular photodiodes.

In direct time-of-flight (dTOF) the traveling time of a light
pulse from a light source to an object and back to the de-
tector is measured. To achieve high precision, very accurate
time-to-digital converters are required. E.g., for 1 cm of distance
measurement precision the required time-measurement preci-
sion corresponds to ~66.7 ps.
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In contrast to this, indirect time of flight (i'TOF) uses a
continuous modulated light signal. The round trip introduces
a phase shift that correlates to the distance of the object [1].

In this work, a continuous wave (CW) iTOF measurement
technique with a square-wave modulated light source is used.
From the measured phase shift Ay the distance d of the object
can be calculated by [2]:
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where ¢ is the speed of light and f,,,qs is the modulation
frequency of the CW modulated light signal. To increase the
accuracy of the measurement either Ay has to be measured
more exactly or the modulation frequency has to be increased.

A disadvantage of this method is that a phase wrap cannot be
detected during a single measurement. The measurable distance,
also called unambiguous range, depends on the modulation
frequency and can be calculated by:

Co
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It is possible though to perform two or more measurements
with different modulation frequencies to considerably increase
the unambiguous range.

The phase of the received square-wave modulated light is
calculated by cross correlation in this work. Cross correlation of
two square-wave signals phase shifted by A resultsin a triangle
shifted by A. Within this work, Fast Fourier Transformation
(FFT) is used to calculate the phase of the fundamental wave
of this triangle, which is the sought phase shift Ap. This cross
correlation is performed by calculating the correlation of the
measured light signal with the modulation signal of the laser
and phase shifted copies of it.

A multiphase continuous wave modulation iTOF approach in
the same 0.35 um CMOS technology, has already been presented
in [2] using pin-diodes and an analog charge integrator instead of
SPADs. With a modulation frequency of 12.5 MHz, a standard
deviation of the measured distance of 1 cm has been reached
with 1 nW of signal power. The background light was rejected
up to a factor of 600.

In this paper, we compare this approach, with our iTOF SPAD
approach using a SPAD as detector, in order to investigate the
possible gain in sensitivity, if the same measurement approach,
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as well as the same technology is used. We show that the
achievable improvement is remarkable. This is explained first
by the improved sensitivity of the SPAD itself, and second by
the higher possible modulation frequency.

In [3], an iTOF approach is used with a 64 x 32 SPAD
array in 0.35 pm, achieving a precision of 2.8 cm with 30 MHz
correlation frequency, 4 phases and 45 ms integration time. The
used SPADs reach a photon detection probability (PDP) of 45%
at 410 nm. In [4], a continuous wave iTOF method is used with
an all-digital phase domain delta sigma loop for a 128 x 96
SPAD sensor. A precision of up to 2.5 cm is reached with a
modulation frequency of 3.33 MHz. The used 8 pum diameter
SPADs have a dark count rate (DCR) of 100 cps. In [5], a
dTOF 32 x 128 SPAD image sensor in a 0.35 pum technology
is presented, the used time-to-digital converters (TDC) reach a
timing resolution of 78 ps and a measurement precision of under
2 cm. The used SPADs have a median DCR of 22.7 kHz. In [6],
a 64 x 64 SPAD flash LIDAR sensor in 130 nm HV CMOS
with a combination of TDCs and triple integration interpolators
is used to reach a timing resolution of 13 ps, corresponding
to a depth resolution of 1.95 mm. In [7], a 64 x 64 iTOF
SPAD sensor array in a 110 nm technology is presented, using
analog pulse counters that achieves a precision of down to
1.35 cm with a fill factor (FF) of 26.3% and a DCR of 100 cps.
A modulation frequency of up to 50 MHz is used. In [8], a
400 x 10 dTOF SPAD array achieves a precision of 2.3 mm.
Self-configurable routing is used to share the TDCs among the
SPADs. The maximum measurable distance is 2 m. A 189 x 600
back-illuminated SPAD array for automotive applications with a
range of up to 200 m and a depth accuracy of 15cm is presented
in [9]. They use 3D stacking, using different processes to create
the SPADs and electronics and connecting the dies, to increase
the FF. However, this increases the complexity of the design.
In [10], an all-in-one 8 x 8 SPAD distance sensor is presented
including electronics to drive the required laser. The device
works up to a distance of 4 m with an error of less than 5%.

However, a comparison of the sensitivities of these sensors
is difficult, since the sensitivity of the sensor itself was not
evaluated in these papers, rather the performance of the sensor
with an optical system. Therefore, our work puts an emphasis on
the comparison with the pin iTOF sensor of [2], which is built
in the same technology, also uses iTOF, and also characterizes
the sensor’s sensitivity, to show the increase in sensitivity and
precision when using a SPAD instead of a pin diode.

In Section II, the architecture and design of the presented
iTOF sensor chip will be discussed. In Section III, the mea-
surement setup used for optoelectronic ASIC characterization is
presented. Section IV presents and discusses iTOF measurement
results. Section V concludes these findings.

II. DESIGN

The sensor was fabricated in a 0.35 pm 2P4M CMOS process
with an epitaxial p- layer for pin diodes. Fig. 1 shows the chip
photo.

The ASIC was designed using Cadence software suite in
an analog-on-top approach. While the SPAD, AQC, and clock
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Fig. 1. Photo of the fabricated ASIC.

generation circuit are full-custom analog designs, the correlator
blocks including readout are created using digital synthesis from
VHDL code. Fig. 2 shows the block diagram of the ASIC. As
for the quencher and fully integrated pin-SPAD, proven designs
presented in [11] and [12] were used with some improvements
of the SPAD regarding size and edge breakdown protection. The
pin-SPAD has an active area diameter of 38 um and a breakdown
voltage of 33.5 V. The active-quenching active-resetting circuit
(AQC) with up to 6.6 V of excess voltage has an adjustable
deadtime between 9.7 ns and 45 ns with adjustable reference
voltage (avalanche detection threshold). The size of the quench-
ing circuit is 130 gm x 130 pm.

A block diagram of the correlator block is depicted in the top
part of Fig. 2. Due to the digital nature of the AQCs’ output,
a fully digital correlator design can be used, contrary to the
approachin [2] using a pin photodiode. Digital binary correlation
is performed using an up/down counter. Each correlator block
consists of an 8-bit up, 8-bit down and a 20-bit carry counter,
resulting in 28 bits in total. The bit-depth was chosen to allow
long correlation measurements and low correlation frequencies.
This allows a correlation time of 2.68 s even if the output of
the quencher saturates in one counting direction and shows zero
counts in the other one, assuming the shortest possible dead time
(i.e., 9.7 ns) is selected. When the SPAD is not in saturation,
even longer measurement times are possible. If for a specific
application, chip area is more critical than very long integration
times, scaling the counter size down is possible and reduces
required chip area approximately linearly to the number of bits.
When the readout procedure is started, the combined value is
calculated and stored in a shift register.
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Fig. 2.

Block diagram of ASIC with measurement setup.

While the counters are designed to work with a synchronous
clock, the clock creation circuit, which decides if a photon-
generated pulse is an up or down count, is designed asyn-
chronously, since the pulses created by the quenching circuit
are not synchronized with the clock domain of the modulation
frequency.

First, the pulse created by the quencher is shortened to a
specific length. The modulation signal is used to gate those
pulses to pulse generators that drive the clock trees of the digital
circuitry. The path of the coarse counter clock is designed to
be faster than the clocks for the fine counters to prevent hold
violations.

In iTOF, many SPAD induced non-idealities do not have a
significant impact on the resulting accuracy. E.g. dark counts
cancel each other out to a large extent because in average they
occur in the same number during up and down counting phases.
The SPADs avalanche propagation time as well as the after-
pulsing probability leads to an offset in the measured distance
and therefore the sensor has to be calibrated. The jitter of the
avalanche propagation cancels itself out but leads to a loss of
photons usable for the measurement and in addition limits the
maximum achievable precision, even for long correlation times.

III. MEASUREMENT SETUP

A block diagram of the measurement setup is depicted in
Fig. 2. The device under test (DUT) is not packaged but directly
mounted and bonded as chip on a printed circuit board (PCB).
It is placed in a dark box, including a thermally stabilized
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mounting block. A 783 nm externally modulated single mode
fiber laser with an optical attenuator is used to provide the signal
for measurement. To emulate background light (BGL), a second
continuous wave (cw) operated laser at a different wavelength
A (850 nm is used). This light generates pulses in the SPAD and
quencher, which are uncorrelated to the modulated laser light.
The wavelength of the light emulating the BGL is not important,
as long as it is not correlated to the modulated laser light and
as long as it is detectable by silicon detectors. The signals are
combined and led into the dark box where a fiber can be adjusted
above the active area of the chip using a motorized xyz-stage.
The used single-mode fiber SM800 has a mode field diameter
of ~5 pm, which is considerably smaller than the active area
of the SPAD, guaranteeing, that all of the light is coupled into
the SPAD. Using beam splitters and optical power meters for
monitoring both lasers, we know the amount of optical power
within the fiber. This is crucial for determining the sensitivity of
the detector.

The measurements are performed using a National Instru-
ments PXI system including the Flex RIO FPGA NI PXIE-
7962R together with the digital I/O adapter module NI-6587
for generating all the control and modulation signals and for
reading out the sensor. This setup allows automated measure-
ments covering many degrees of freedom, to enable in-depth
ASIC characterization. This measurement approach was chosen
to characterize the standalone ASIC, without the impact of an
optical system, allowing to evaluate the sensitivity given by the
sensor itself.

For each operating point, 100 correlation triangles with 8
phase steps were recorded and the standard deviation of the
measured distance was calculated as a measure of precision.
For longer measurements (100 ms and 1 s integration time
per phase step) only 25 triangles were recorded in order to
limit the required measurement time. The current design allows
performing two phase steps at a time; due to the scalable nature
of the design, it would be possible in principle to perform all
phase steps at once when using more correlator blocks on the
ASIC, while still being able to use only one SPAD and quencher.
There is, however, of course a trade-off with the required chip
area. However, measuring two phase steps at a time, is already
an advantage compared to the pin iTOF approach in [2], where
due to the analog nature of the detection process, only one
phase step could be detected at a time. A modulation frequency
of 62.5 MHz was used for these measurements. Also, this is
already considerably better than what was possible in [2], where
a modulation frequency of only 12.5 MHz was used.

IV. MEASUREMENT RESULTS AND DISCUSSION

Regarding the SPAD induced non-idealities, the measured
DCR and afterpulsing probability (APP) are shown in Fig. 3. In
the usable range of excess voltage Ve, cess (up to 6.6 V) the DCR
reaches 71 kcps and the APP goes up to 13.7%, for a dead time of
10 ns. These rather high numbers result from the large sensitive
volume of the used pin-SPAD structure realized in this process.
In principle it would have been possible to pre-select an ASIC
with a SPAD showing lower DCR and APP. However, due to the
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Fig. 3. Measured dark count rate and afterpulsing probability of the used
SPAD and AQC.
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Fig. 4. Standard deviation versus optical input power for 100us phase step
integration time.

correlating nature of this measurement approach, DCR and APP
have only a very negligible influence on the system performance.
This thick SPAD features a high PDP even for near-IR light, at
782 nm the PDP achieved with this structure in this process is
31% for Vepcess = 6.6 V [12].

Fig. 4 shows a distance measurement for an integration time
of 100 pus per phase step. In [2], 16 phase steps were used
for multiphase correlation, while in this work we use only 8§,
so the total measurement time (e.g., 800 us in this case) is
already halved. Considering that in our approach two phase
steps are measured at a time, reduces the effective measurement
time by another factor of two compared to [2], resulting in
a total reduction by 75%. The results from [2] are included
into the diagram for comparison. Although, we were able to
decrease the measurement time by 75%, using a SPAD increases
the sensitivity considerably. This improvement is 33.3 dB and
40.7 dB for standard deviations of 1 cm and 10 cm, respectively.

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 4, AUGUST 2022

107" f

Integration time
\ Ims
! —— == 10ms
! 100ms

~ K —m 1000ms
g
g 107 f
o
o
=
=
3
7

107 ¢

-14 -12 -
10 10712 10710
Optical input power (W)
Fig. 5. Measurement precision versus optical input power for different mea-

surement times.

Consequently, this sensitivity improvement, allows either to
reduce the optical power of the light source by more than 30dB
for the SPAD iTOF sensor compared to the pin iTOF sensor, or
if the same optical power is used, to use the SPAD iTOF sensor
for much longer distances (i.e., more than 30 times further,
according to Eq. 3) compared to the pin iTOF sensor, without
losing sensitivity.

To give an indication of the achievable distances using a laser
with just I mW of optical power, the following estimation is
presented. With given parameters the used power of the trans-
mitted measurement laser Py, ¢rq, the diameter of the sensor
lens djen s, the measured distance d,,eqs, and the reflectivity of
the target po the impact of an optical system on the received
power P, ¢ can be calculated by [13]:

2 7

= Popt.tra 75— o, 3)

pt.tra D)
47rdmeas

Popt,rec

E.g., for an eye safe optical power of P, ¢ = 1 mW, alens
diameter of dj.,,s = 2.54 cm, a distance of d,,cqs = 127 m and
a reflectivity pg = 10%, 1 pW is received.

With our approach we are measuring the optical length of the
fiber with a defined and continuously measured optical power.
Influences such as fluctuations of background light or others can
be ruled out in that way when measuring the standard deviation
of the distance measurement result.

The impact of integration time per phase step on precision can
be seen in Fig. 5. For higher optical input powers, a lower bound
of precision can be seen that is the same for short and long inte-
gration times. For longer integration times, a similar precision
can be reached with lower optical input power. For an integration
time of 10 ms per phase step, an optical dynamic range (DR)
of required input power for sub-cm precision measurements of
35.5 dB is reached. When the measurement time is increased
to 100 ms, the optical DR for sub-cm precision is increased to
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Fig. 6. Standard deviation of measured distance versus optical input power
for different background light intensities for 10 ms of integration time.

41.7 dB. For long integration time, a distance precision even in
the sub-mm range is achieved.

With the proposed 28-bit counter, correlation times of 2.8 s
are possible, assuming a saturated SPAD output. In contrast to
this, [2] only allows a maximum integration time per phase step
of slightly under a millisecond. For the measurement and results
presented in Fig. 4, for an integration time of 100 us our sensor
shows an optical DR for sub-cm precision of 33.3 dB while [2]
only shows an optical DR of 4.4 dB.

Fig. 6 shows the impact of BGL on the measurement for
an integration time per phase step of 10 ms. Depending on
integration time, BGL suppression still allows sub-cm precision
for a ratio of 15.2 dB and 24.1 dB of pulses generated by BGL
compared to signal pulses, for 10 ms and 100 ms, respectively.

While BGL degrades the precision of the measurement, this
effect can be compensated by using longer integration times as
shown in Fig. 7. The pin-sensor presented in [2] shows BGL
suppression of 28.0 dB for 20 ms of measurement time but
achieves only a precision of 5 cm. This effect can be explained
by the saturation effects occurring for SPADs. When using the
sensor in an optical system, a narrowband optical filter can be
used to further decrease the influence of BGL.

In Table I, the key parameters of the detector of this work
are summarized in comparison with the ones of the pin-based
detector in the same technology, highlighting the improvement
in sensitivity.

Table II compares our work with other state-of-the-art SPAD
TOF sensors, showing especially our improvement in distance
precision. While our presented work can be compared with
the referenced SPAD sensors [3]-[10] in terms of precision,
it is not possible to compare them in terms of sensitivity, since
the sensitivity of these sensors was not presented. It has to be
noted though that by reaching even sub-mm precision better
measurement precisions are reached even though utilizing a
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TABLE I
COMPARISON SPAD AND PIN ITOF

This work (SPAD) [2] (PIN)
Technology 0.35 um 0.35 um
Optical device SPAD PIN-diode
Core size 340 pm x 250 um 45 pum x 30 um
Diode size 38 um + 45 pm x 30 pm

1302 pm?AQC
Required opt. power * 0.1 pW 1.2 nW
DR opt ** 40.7 dB 4.4 dB
BGL suppression 15.2dB o= lcm 28.0 dB 6= 5cm
Max. integration time 2.8s <l ms

*o = 10 cm and integration time is 100 ps.
**o =1 cm integration time is 100 ys.

TABLE II
COMPARISON OF SPAD DISTANCE SENSORS

Tech. Type | Pixel A PDP | DCR FF o
pm nm % 1/s % mm
This | 0.35 cw- 1x1 783 | 31 48k 0.60 | 1
work iTOF
[3] 0.35 cW- 64 x | 410 | 45 100 3.1 28
iTOF 32
[4] 0.13 cW- 128 850 | 5 100 3.2 25
iTOF x 96
[5] 0.35 dTOF | 32 x | 810 22.7k | - <20
128
[6] 0.13 dTOF | 64 x | 532 10.6k | 0.66 | 2
64
[7] 0.11 cw- 64 x | 480 | 28 33 263 | 14
iTOF 64
[8] 0.16 dTOF | 400 670 | 23 800 14 23
x 10
[9] 0.09/ | ** 189 905 | 22 - * 150
0.04* X
600
[10] | 0.04 dTOF | 8x8 | - - - - <15
esfesk

*3D stacked ASICs.
“*Hybrid.
“* All-in-one device.
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SPAD with a DCR orders of magnitudes higher than the other
iTOF approaches. At the chosen operating point of Veycess =
4V for our SPAD a dark count rate of 48k counts is observed,
in contrast to the 100 counts documented in [3], [4] and [7].

V. CONCLUSION

‘We have shown, that replacing a PIN-photodiode based iTOF
sensor by a SPAD based one, both in the same technology, results
in an increased sensitivity of 33.3 dB and 40.7 dB for a distance
precision of 1 cm and 10 cm, respectively. Due to reducing
the number of used phases from 16 to 8, total measurement
times could be halved. Considering that two phase steps can
be measured at a time with this digital approach, the effective
measurement time is even reduced by 75% compared to the PIN
photodiode based iTOF approach. The scalable design proposed
in this work can decrease it even further. This is achieved, while
keeping the background light suppression in a similar range.
The optical dynamic range could also be increased by orders of
magnitude. In addition, the higher modulation frequency allows
even higher measurement precision. Using digital counters al-
lows longer measurement times, resulting in higher precision, at
the cost of required chip area. The size of the digital correlator
is way bigger than the analog correlator used in [2], but using
a smaller technology node would decrease it, which would not
decrease the correlator performance due to its digital nature.
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